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EXECUTIVE SUMMARY

The main goals of this three-year research project are to: 1) obtain experimental data on the
phenomenon of condensation of steam in a vertical tube in the presence of non-condensable for flow
conditions of PCCS, 2) develop a analytical model for the condensation phenomena in the presence of
non-condensable gas for the vertical tube, and 3) assess the RELAP5 computer code against the
experimental data.

The project involves experimentation, theoretical modeling and a thermalhydraulic code
assessment. It involves graduate students and undergraduate students participations providing
them with exposure and training in advanced reactor concepts and safety systems.

The present 3-year research program is structured around six tasks. Task 1 isto design a
well-scaled condensation test facility and identify PCCS condenser flow conditions based on
scaling. Task 2 isto obtain database on local and overall condensation heat transfer coefficient as
a function of flow condition and inlet non-condensable gas concentration. Task 3 is to develop
an analytical model for condensation in the vertical tube in the presence of non-condensable gas
for PCCS flow conditions. Task 4 is to develop correlation for heat transfer coefficient for
condensation in the presence of con-condensable gas based on the experiments and analytical
model. Task 5 is to assess RELAP5S code against the experimental data. This report documents
the first phase of the program and progress achieved from May 2000 to April 2001 in these tasks.

Task 1 on the scaling analysis and the design of the test facility has progressed as
planned. On Task 3 initial analytica model for the condensation in the vertical tube in the
presence of non-condensable gas for forced flow condition is completed. An extension of four

month time was requested with DOE for completion of first year part of the Task 2.
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1. INTRODUCTION

1.1 Significance of the Problem

The condensation phenomenon plays an important role in the heat transfer process in
many industrial applications. The condensation mode of heat transfer is often used in
engineering because of high heat transfer coefficients. However, the presence of the
noncondensable gases in vapors can greatly inhibit the condensation process. Noncondensable
gas unable to pass into the condensate film, accumulates at the liquid-vapor interface leading to
a decrease in vapor partial pressure and thus the interface temperature at which condensation
occurs. In the nuclear reactor industry, condensation heat transfer is very important in many
situations. In the case of loss of coolant accident (LOCA), alarge portion of the heat is removed
by condensation of steam in the steam generators in reflux condensation mode. The presence of
the noncondensable hampers the heat removal process.

In the advanced light water reactors such as the Westinghouse designed Advanced
Passive 600 MWe (AP600) [1.1] and General Electric Simplified Boiling Water Reactor
(SBWR) [1.2], there is a greater emphasis on replacing the active systems with passive systems
in order to improve the reliability of operation. For example, the SBWR is based on natural
circulation cooling. SBWR uses the gravity driven cooling system (GDCS) as an emergency
core cooling system following an accident. After the reactor is scrammed the pressure vessel is
depressurized with system of valves and thus pressure in the vessdl is reduced so that the GDCS
is made functional. The containment steam is condensed by a condenser system called Passive
Containment Cooling System (PCCS). In this reactor the containment pressurization thus
depends on the condensing capability of the PCCS after the blowdown process. Development
programs on advanced light water reactor based on passive safety systems are underway in
Europe and Japan. Design development of the European Simplified Boiling water Reactor
(ESBWR) [1.3] and Japanese SBWR [1.4] are the longer-term goalsin this effort.

In the SBWR the PCCS is a passive heat exchanger that allows the transfer of heat via
steam condensation to the water pool. The PCCS condenser must be able to remove sufficient
energy from the reactor containment to prevent containment from exceeding its design pressure

following a design-basis accident. The efficient performance of the PCCS condenser is thus

Purdue University



vital to the safety of the SBWR. The rate of heat transfer in the PCCS condenser is strongly
coupled to the hydrodynamic characteristics of the PCCS. Hence a detailed knowledge of the
variation of local heat transfer coefficient is necessary in order to predict the performance of the
PCCS and for design optimization.

Uchida et al's [1.5] experiments on steam-gas condensation on outside wall of vertical
tube provided first practical correlation for the degradation of condensation. Since then several
theoretical works on the effects of the non-condensable on condensation in vertical pipe have
been conducted [1.6-1.8]. The relevant separate effects experiments on PCCS condensation
under the presence of noncondensable gas were conducted at Massachusetts Institute of
Technology (MIT) [1.9,1.10] and at University of California Berkeley (UCB) [1.11,1.12]. Both
MIT and UCB tests provided a new database and correlation for forced convection
condensation of steam in a vertical tube in the presence of noncondensable gas. The flow of
steam/gas mixture in the PCCS condenser tube as discussed in following section 1.2 is not
always forced convection. Hence the UCB and MIT correlations do not apply for all flow
conditions in the PCCS. This research addresses this particular problem by perform careful
experiments for the flow conditions expected in the PCCS condenser and develop analytical
model to predict the condensation heat transfer characteristics of PCCS in the presence of non-
condensable gas. In addition to this task a RELAP5 code model will be developed for PCCS
condensation in the presence of non-condensable and the RELAPS code assessment is
performed.

1.2 PCCS Operation

In order to model the condensation in PCCS, it is important to study the operation of the
PCCS and identify the flow conditions in the PCCS. A flow diagram of the PCCSis shown in
Figure 1. The PCCS condensers condense steam from the drywell (DW). They are immersed in
alarge interconnected Isolation Condenser System (ICS) pool of water. The ICS pool is located
outside and above the containment. Condensed water produced in the PCCS condensers returns
to the GDCS pool and then to the Reactor Pressure Vessel (RPV). Non-condensable gases from
the PCCS are vented to the Suppression Pool (SP). The driving head of the PCCS is provided

by the pressure difference between the DW and the SP. There are no valves or pumps in the
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PCCS and any operational actions or signals are not needed which makes the PCCS a truly
passive system.

Three different operational modes are possible in the PCCS depending on the non-
condensable gas concentration and the pressure difference between the DW and the SP. These
are Bypass Mode, Continuous Condensation Mode and Cyclic Condensation and Venting
Mode. The PCCS will be in Bypass Mode when the pressure difference between the DW and
the SP is relatively high compared with the head due to the submergence of the vent line in the
SP. This condition is realized during the blowdown process. In this mode, steam and non-
condensable gas pass through the PCCS condensers with condensation. This mode of operation
corresponds to forced convection. When the pressure difference between the DW and the SP is
comparable with the head due to the submergence of the vent line in the SP, the PCCS will be
in either Continuous Condensation mode or Cyclic Condensation and Venting Mode depending
on the non-condensable gas concentration. The PCCS will be in Continuous Condensation
Mode when the non-condensable gas concentration is very low. This condition will be obtained
in the later stage of an accidental transient after most of non-condensable gas is vented to the
SP.

Non-Condensable T T
Gasand Steam ! !

Y

Condenséd Water

' Non-Condensable GDCS
:Uncondensed Steam “
: SP RPV ——

<

AP R OV e )
-=|{--+------"—-«-—------4--49- -
- —— - - - - - -

Condensed Water

Figure 1.1. Flow diagram in SBWR during aloss of coolant accident
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The PCCS will be in Cyclic Condensation and Venting Mode when the non-
condensable gas concentration is relatively high. This condition sets in immediately after the
blow down process. In this mode, steam has enough time to be condensed in the PCCS
condensers. In the condensation process, non-condensable gas is accumulated in the PCCS
condensers. Hence the DW pressure begins to rise as the condensation decreases. The DW
pressure continues to increase after the condensation process totally stops. When the pressure
difference is high enough to overcome the head due to submergence of the vent line in the SP,
non-condensable gas is vented to the SP. The condensation process begins again after clearing
of non-condensable gas from the PCCS. This cycle repeats. Thus the forced convection flow

condensation is one of three PCCS flow conditions.
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2. OBJECTIVES

The goals of this research are to: 1) obtain experimental data on the phenomenon of
condensation of steam in a vertical tube in the presence of non-condensable for flow conditions
of PCCS, 2) develop a analytical model for the condensation phenomena in the presence of
non-condensable gas for the vertical tube, and 3) assess the RELAP5 computer code against the
experimental data.
The objectives of the research are:

1. Design a well-scaled condensation test facility and identify PCCS condenser flow
conditions based on scaling.

2. Obtain database on local and overall condensation heat transfer coefficient as a function of
flow condition and inlet non-condensabl e gas concentration.

3. Develop an analytica model for condensation in the vertical tube in the presence of non-
condensable gas for PCCS flow conditions.

4. Compare analytical predictions and experimental data on heat transfer coefficient.

5. Develop acorrelation for heat transfer coefficient for condensation in the presence of non-
condensable for use in codes.

6. Assess RELAPS code against the experimental data.

Purdue University
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3. FIRST PHASE MILE STONE AND TECHNICAL TASKS

Here the milestones for the first phase of the project are presented. The first phase of the
project is performed during the first year period. These milestones are listed below along with
thelir respective technical tasks.

* PCCS scaling analysis: Technical task under this milestone is to perform scaling analysis
for PCCS condenser design.

* Experimenta program for 5.04 cm condenser tube: Under this milestone the technical tasks
are to design a 5.04 cm condenser tube with adequate instrumentation, construct an
experimental facility and perform testing.

* Experimental data on 5.04 cm condenser tube: Under this milestone the technical tasks are
to obtain experimental data on heat transfer for 5.04mm condenser for three PCCS flow
conditions: forced flow; continuous condensation (with zero flow velocity at bottom of the

condenser); and cyclic condensation.

Purdue University
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4. SCALING ANALYSIS

The objective of this task was to develop a scaling methodology that is used in the
design of the condenser, analysis of the data from the scaled facility, scale-up of the data from
scaled model to the prototype design. In this chapter a scaling analysisis presented. The scaling
analysis identifies key thermal hydraulics parameters that govern condensation in the PCCS.
4.1 PCCSHeat Transfer

The PCCS condensers provide decay heat removal by condensing steam from the
drywell and supplying condensate water to the RPV through the GDCS tanks. The scaling of

the heat transfer rate through the condenser is given by
Qpccs = N wupes N units U Ai(Tg _Tp)’ (4.)

where Nypes 1S the number of PCCS condenser tubes, Nynits iS the number of PCCS units, U is
the overall heat transfer coefficient, A; is the inner surface area of a condenser tube, and T4 and
T, are the steam and PCCS pool temperatures, respectively (see Figure 4.1). The overall heat
transfer coefficient is given by

01 1n(p,/D,)D, D,

= + +—
Y 2k, h,D

c

El_l
0. (4.2)
B

In the RHS of Eq. (4.2), the first term corresponds to the tube side condensation heat transfer
coefficient, the second term corresponds to the tube wall conduction heat transfer coefficient,
and the third term corresponds to the outside tube pool heat transfer coefficient.

The condensation heat transfer coefficient is for the condensation of steam and air or
nitrogen mixture in a vertical tube. Siddique et al. [4.1] have studied the condensation heat
transfer coefficient for steam-air mixture in the tube. The condensation heat transfer Nusselt

number given by themis

_Wab

h. D, o =W,
Nu, =——— = 6213Re"** %7 ’ Jat®® 4.3
kg Wa,b % ( )

where

Ja=—""T" (Jakob number) (4.9
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pmu D

Re= " —— (Reynolds number) (4.5)
W,=— s . (4.6)
m, +m,

The poolside heat transfer coefficient, h,, depends on whether poolside transfer is due to

boiling or natural convection.

hcond

Twalin T ool

hpool

Twall

h
Figure 4.1 PCCS Tube Condensation

For natural convection, the heat transfer Nusselt number is given by

h L
Nu, = "k—“’ =0021(Gr Pr)™, (4.7)

p

where

g B (Tw - Tp ) I‘:iube
Gr = o2 (Grashof number) (4.8)

Pr=— (Prandtl number) . (4.9)

For the correct scaling of heat removal by the PCCS condensers we should have
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(Qpccs/ ( mifg))m
(Qpccs/(m ifg))p

=1, (4.10)

where m istheinlet steam mass flow rate to the PCCS condenser. From Egs. (4.1) and (4.10),

the scaling requirement for PCCS condenser heat removal rateis given as
(NtumNunitsU Ai (Tb _Tp)/(mifg))R =1 (411)

If the prototype and model have the same operating pressure condition and use the same

operating fluid (water), then the temperature difference can be preserved. From Egs. (4.10)
and (4.11) we obtain,

(Qpccs/(mifg))m —
(oncs/(mifg))p

(4.12)

3
3
O
L1J
_|
o

N, N, K O
Nmé Nm%J u K mQD. 0=

P ubes P units p p E(Tb E DMy U gl fg )
Equation (4.12) is used in the design of the PCCS condenser.

|
First, we evaluate %% or (U),.
p

4.2 Scaled System

CILC
CLIC]

Calculations were performed for scaling the prototype PCCS condenser. The prototype
system is General Electric 600 MWe Simplified Boiling Water Reactor PCCS. Its relevant
dimensions are given in Table 4.1 [4.2]. The scaling criteria for the flow in thermalhydraulic
system are available [4.3]. These scaling criteria were used in the design of the condenser.
Various scaled sizes were considered for calculations. The height scaling was taken as %2 and Y.
The volume scaling used was 1/400, 1/600, 1/800, 1/1000 and 1/1600. In Table 4.2 the ratio of
various condenser parameters are shown for different volume and height scaling. This table is
used in selecting the condenser tube diameter, height, flow rates and the power levels. For %
height scaling, 1/1 tube diameter scaling and 1/400 volume scaling, the velocity ratio or
Reynolds number ratio is 0.71. Thus the model requires lower flow velocity. In the case of %4

height scaled condenser the model requires velocity ratio of 0.5.

Purdue University
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Table 4.1 PCCS Condenser in GE SBWR-600

No. of Condenser units 3
Modules per unit 2
Tubes per module 248

Total heat transfer area (m2):

Tube Inside=400, Tube Outside=427.5

Total flow area (m2)

2.6

Number of Tubes

496

Condenser tubes:

Length (mm)= 1800, O.D. (mm)=50.8, I.D. (mm)+47.5

Material

SS/Inconel

Headers per module:

[.D. (mm)= 660, Volume (m3)=0.78

Header center to IC pool
bottom (mm)

670

Table 4.2 Condenser Scaling

Scaling DRT VR Hgr AR Pr, FLAR [H Tube P VR Rer [Pt kW
Volume, Height HTAR Mm | KW (at
(at 2%) 0.4%)

1/400, 1/4 1| 0.0025| 0.25/ 0.0100; 0.0050| 0.0200{ 450 9.92| 20.161| 0.50/0.50 4.03
1/600,1/4 1 0.0017] 0.25] 0.0067| 0.0033| 0.0133| 450 6.61] 20.161] 0.50/0.50 4.03
1/800,1/4 1/ 0.0013] 0.25/ 0.0050; 0.0025| 0.0100{ 450{ 4.96| 20.161| 0.50/0.50 4.03
1/1000, 1/4 1 0.0010] 0.25] 0.0040] 0.0020| 0.0080] 450 3.97| 20.161] 0.50/0.50 4.03
1/1200, 1/4 1/ 0.0008 0.25/ 0.0033 0.0017| 0.0067| 450 3.31|20.161] 0.50/0.50 4.03
1/1600,1/4 1 0.0006] 0.25] 0.0025/ 0.0013| 0.0050] 450 2.48| 20.161] 0.50/0.50 4.03
1/400, 1/2 1 0.0025 0.5 0.0050 0.0035| 0.0071] 900 3.51] 40.323| 0.71/0.71 8.06
1/600,1/2 1] 0.0017] 0.5 0.0033] 0.0024| 0.0047| 900| 2.34|40.323| 0.71/0.71 8.06
1/800,1/2 1 0.0013] 0.5 0.0025 0.0018| 0.0035] 900 1.75| 40.323| 0.71/0.71 8.06
1/1000, 1/2 1/ 0.0010, 0.5 0.0020] 0.0014| 0.0028| 900 1.4/ 40.323| 0.71/0.71 8.06
1/1200, 1/2 1 0.0008 0.5 0.0017| 0.0012| 0.0024| 900 1.17| 40.323| 0.71/0.71 8.06
1/1600,1/2 1] 0.0006] 0.5 0.0013 0.0009 0.0018] 900 0.88] 40.323| 0.71/0.71 8.06
1/400, 1/4 0.5/ 0.0025/ 0.25 0.0100/ 0.0050| 0.0100] 450/ 19.8| 10.081] 0.50/0.25 2.02
1/600,1/4 0.5/ 0.0017] 0.25 0.0067| 0.0033| 0.0067] 450/ 13.2/10.081] 0.50/0.25 2.02
1/800,1/4 0.5/ 0.0013] 0.25 0.0050| 0.0025| 0.0050] 450/ 9.92| 10.081] 0.50/0.25 2.02
1/1000, 1/4 0.5/ 0.0010] 0.25 0.0040[ 0.0020| 0.0040] 450/ 7.94|10.081] 0.50/0.25 2.02
1/1200, 1/4 0.5/ 0.0008 0.25 0.0033] 0.0017| 0.0033] 450/ 6.61] 10.081] 0.50/0.25 2.02
1/1600,1/4 0.5/ 0.0006] 0.25 0.0025| 0.0013| 0.0025] 450/ 4.96| 10.081] 0.50/0.25 2.02
1/400, 1/2 0.5/ 0.0025/ 0.5 0.0050| 0.0035| 0.0035] 900/ 7.01] 20.161] 0.71/0.35 4.03
1/600,1/2 0.5/ 0.0017] 0.5 0.0033] 0.0024| 0.0024] 900] 4.68| 20.161| 0.71|0.35 4.03
1/800,1/2 0.5/ 0.0013 0.5 0.0025/ 0.0018| 0.0018] 900/ 3.51]| 20.161] 0.71/0.35 4.03
1/1000, 1/2 0.5/ 0.0010, 0.5 0.0020| 0.0014| 0.0014] 900] 2.81| 20.161] 0.71/0.35 4.03
1/1200, 1/2 0.5/ 0.0008 0.5 0.0017| 0.0012| 0.0012] 900] 2.34|20.161] 0.71/0.35 4.03
1/1600,1/2 0.5/ 0.0006/ 0.5 0.0013] 0.0009| 0.0009] 900] 1.75|20.161] 0.71]0.35 4.03

tCondenser Diameter=D, Volume=V, Height=H, Condenser Area=A, Power=P, Flow Area=FLA, Power
per Tube =Py, Heat transfer Area= HTA, Velocity =v, Reynolds number=Re, Subscript R = prototype to

model ratio
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4.3 Non-Condensable Effect

For a scaled facility with a power scaling of 1/100, the condenser surface area is scaled
by 1/200. Thus for 1/4 height scaled facility, the number of condenser tubes is scaled by 1/50.
Since the vapor volume flow rate is scaled by the power scaling, the vapor volume flow rate in
scaled facility is scaled by 1/200. Thus with a heat transfer area scaling of 1/200 and boundary
mass flow rate scaling of 1/200, we have

200 (4.13)

and

. mD_ 1
é%p%_ ol (4.14)

If the temperature differences are preserved in the model, we have from Eq. (4.10) through
(4.14),

(Qpccs/(m ifg))m _
(Qpccs/(mifg))p

(U)g- (415

As the steam-nitrogen mixture flows into the condenser, the mixture Reynolds number
decreases along a tube due to the condensation of the steam. The scaling ratio of the Reynolds
number, Reyg, is 1/4. The condensation heat transfer correlation of Siddique et al. [4.1] gives
the ratio of he to be heg = (Remr)*??2 . Thus, for Renr = 1/4, one obtains heg = 0.734. The pool
side heat transfer coefficient can be calculated from the standard pool boiling heat transfer
correlation. By using the prototypic material for the tubes in the scaled facility, the overall heat
transfer coefficient ratio (U)g is calculated from Eq. (4.2) as 0.833. This indicates that the
overal scaled heat transfer in the scaled facility is lower than the prototype by 17%. Thisis
within the uncertainty of the Siddique et al. correlation [4.1] of about 20% relative to its
database.

Vierow and Schrock [4.4] developed a correction factor for the condensation heat
transfer coefficient of Nusselt based on their experimental data obtained for a vertical tube of
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2.2cm1.D. and 2.1 minlength. It takesinto account the effects of noncondensable gas and the

mixture Reynolds number as
f=(1+288x 10 Ret*) (1-0938c°2). (4.16)

The application of this correlation shows that the overall scaled heat transfer in the
scaled facility is about 30% lower than in the prototype system when the original geometrical

scales given by the global scaling criteria are maintained.
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5. EXPRIMENTAL PROGRAM

The experimental program consists of design of the experimental loop, setting up
experimental procedures, performing condensation tests with and without non-condensable gas
and data analysis.

5.1 Experimental L oop

The schematic of the experimental set-up is shown in Figure 5.1. The test loop is
comprised of steam generating tank, steam meter, air supply, instrumented condenser test section
with annular cooling jacket, condensate/separator tank and associated piping. The schematic of
the condenser tube is shown in Figure 5.2. The specific design of the PCCS condenser tube was
based on the scaling analysis presented in chapter 4. Two tubes sizes are considered; 2.54 mm ID
and 5.04 mm ID. A height scaling of %2 was taken in the present design.

The steam supply vessel is made of schedule 10, 16-inch diameter stainless steel pipe. Its
total length is 2.26 m. An immersion type sheathed electrical heater of 10kW capacity is mounted
at the lower flange of this vessel. The vessel is instrumented with thermocouples, P and DP cells
to measure and monitor temperature, pressure and water level. The boiler vessel design is shown
in Figure 5.3.The power to the heater is measured with a.c. Voltmeter and ammeter. The steam
supply line to the condenser is made of 2.54 cm (1 inch) stainless steel pipe. The A compressed
air is supplied to the steam line through a flow control valve. This feed line supplies air-steam
mixture to the test section. The test section is designed using a double annulus with stainless steel
condensers tube and an outer jacket also made of stainless steel. The design drawings of the 5.04
cm (2-inch) condenser tube are shown in Figure 5.4. The condenser jacket is shown in Figure 5.5
and assembly of the condenser and the outer jacket is shown in Figure 5.4. The test section is
fitted with thermocouples mounted on annulus inner and outer wall to measure local temperature.
The condenser tube wall will have flush mounted thermocouples on inside and outside wall
surface distributed in radial and at several axial locations. The condensate tank serves as
separator and condensate collector. It is made of Schedule 10, 12-inch pipe and is mounted
vertical. The design drawing of the condensate tank is shown in Figure 5.6. The water level in the
condensate tank can be maintained at desired level by continuous bleeding water from the tank.
The condenser operating pressure is set by the pressure level in the condensate tank. An airlineis

connected to the condensate tank to set the pressure higher than the atmosphere pressure.
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Table 5.1 summarizes various parameters measured and the instruments.

To Atmosphere

Steam Generating Y] SQWC'OW”
Vessel Ve
(O— | i (C

Air
cevel Test Flow
Gauge Section Meter
[ .
) Compressed
X Heater ~ (F) PressreTransducer ~ (F) Flow Meter Al Supply
Water Makeup Line
@ Thermocouple @ Pressure Gauge

Fig 5.1 Schematic of the Experimental Setup

Steam/Air Inlet

71917
@

1 —» Non-condensable Vent Line

Condensation Drain Line
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Table 5.1 List of Instruments

Data [ nstrument

Steam Flow Rate Vortex Flow Meter.

Air Flow Rate Rotameter

Power Voltmeter and Ammeter
Condensation rate Catch Tank Method
Pressure Pressure Transducer
Water Level DP cell

Temperature Thermocouples

Heat Loss from Wall Heat Flux Sensors

5.2 Experimental Method:

Experiments are performed for the following flow conditions. (1) Forced convection flow, (2)
Continuous condensation mode where no through flow of vapor occurs and (3) Cyclic
Condensation Mode. In the third mode of operation the non-condensable is |eft to accumulate in
the condenser and is vented automatically when the pressure in the condenser tube is larger than
the head at the submerged vent line. The cycle of venting is determined by the non-condensable
fraction. Experimental parameters include, inlet steam flow rate, inlet non-condensable gas

concentration (0-20%), operating pressure (100-1000 MPa), and secondary coolant temperature

(50° C - 100°C).
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CONDENSOR

Construction of Condensor Inner Tube
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6. ANALYTICAL MODELING

In this task an analytical model was developed for the condensation in vertical tube. A
convective film-wise condensation of a vapor and non-condensable gas mixture flow downward
inside a vertical tube was studied. A unified procedure was developed to predict the condensation
heat transfer coefficient of turbulent vapor flow associated with laminar condensate. The
predictions were compared with the experimental data in the literature. Parameters such as the,
temperature, and gas mass fractions were presented in axial and radial profiles.
6.1 Introduction

Many industrial systems use vertical tube condensers and industrial practice has indicated
that, often, much higher coefficients of heat transfer are obtained when vapors are condensed
inside tubes rather than outside [6.1]. However, in practical operations of the condensers, small
amounts of non-condensable gas may exist in working vapors due to characteristics of the system
or dissolution of working vapors. It is well known that the presence of non-condensable gases in
a vapor can greatly reduce the performance of condensers [6.2-6.8]. This is because of the fact
that the presence of non-condensable gas lowers the partial pressure of the vapor, thus reducing
the saturation temperature at which condensation occurs.

Thus, predicting the effects of non-condensable gas in annular film-wise condensation of
vapors in a vertical tube is an important technical and theoretical interest. The condensation of
vapors from a vapor-gas mixture in a tube has been studied by various authors [6.3,6.10-6.20].
The analysis of the heat and mass transfer during condensation of a vapor in the presence of a
non-condensable gas has generally involved either the boundary layer analysis or the heat and
mass transfer analogy methods. In both of these methods the condensation is viewed as occurring
in two interacting boundary layers, the vapor-air mixture and the condensate boundary layers.
The boundary layer solutions currently available deal primarily with the flat plate configuration
and stagnant atmospheric conditions [6.21,6.22].

The analysis of the heat and mass transfer analogy models follow the general methodology of
Colburn and Hougen [6.3,6.14-6.16]. Ghiaasiaan et al. [6.17] presented a two-fluid model for
condensation in the presence of non-condensable gas in a channel. The condensate-gas interphase
heat, mass and momentum transfer, are treated using the stagnant film model. This methodology

requires interphase surface area concentration and liquid and gas side transfer coefficients.

Purdue University
6-1



Condensation in the presence of non-condensable gas has recently been experimentally studied in
tube flow configuration by Vierow [6.23], Ogg [6.24], Siddique [6.25] and Kuhn et al [6.26],
because of its application in various industrial systems. From the survey it is evident that no
analytical treatment exists that is free from a semi-empirical approach and which is consistent
with the process of condensation (including laminar and turbulent film flow) inside a vertical
tube in the presence of non-condensable gas. In view of this, the present work deals with
convective film-wise condensation of a vapor and gas mixture flow downward inside a vertical
tube. A unified procedure is developed to predict the condensation heat transfer coefficient of
turbulent vapor flow associated with laminar condensate. The predictions are compared with the
experimental data in the literature.
6.2 Condensation Model

In this section the physical model for the condensation process is described. The governing
equations for the mass, momentum, energy, and species concentration balance are presented
along with the interface and boundary conditions. The basic assumptions used in the present
model are given. The model is similar to Chen and Ke [6.27] and Wang and Tu [6.14] models for
pure vapor condensation. The non-condensable effects on the condensation are taken into
account through boundary layer analysis of species concentration and energy balance similar to
Minkowycz and Sparrow [6.22].
Assumptions:
1. The flow is two-dimensional and steady state.
2. The cross sectional geometry is circular and axially uniform.
3. The condensate film is impermeable to non-condensable gas.
4. The wall temperature is known.
5. The non-condensable gas is assumed to be locally well mixed and at thermodynamic
equilibrium with the vapor.
6. The vapor - non-condensable mixture is assumed to be saturated with vapor.
7. The mass exchanged because of phase change at the liquid-gas interface has the properties
corresponding to the interphase temperature
8. The properties of the vapor-gas mixture are assumed to be constant except at the boundary

layer near the film interface.
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Physical Model

Figure 6.1 shows the schematic of the physical model considered for the condensation
process with defined coordinate systems. A saturated vapor-gas mixture, with constant properties
corresponding to inlet pressure and temperature conditions, enters the tube and is turbulent. The
condenser tube surface is below the vapor saturation temperature. The condensate forms along
the tube surface and thus an annular flow regime is realized inside the condenser tube. Along the
condensate film interface, a temperature, momentum and concentration boundary layers develop
and respective gradients are formed. These gradients are shown later to impede the condensation.

Conservation of Mass

The mass conservation equation for the vapor-gas mixture is

oprv N Opu
or ox

Since we have assumed constant properties for the vapor-gas mixture, the density can be

=0. (6.1)

taken out of the equation. This equation is used with the momentum equation to check mass
conservation. Therefore an equation is needed to relate the average axial velocity and the radial
velocity. This is obtained by integrating eq. (6.1) from the centerline to essentially the wall. The
film thickness is assumed negligible compared to the radius.

The boundary conditions for the radial velocity term are v = 0 at the centerline and v; at the

wall. The gradient of the average axial velocity is obtained as:

i =_§ (6.2)

For a very small condensation velocity, vi, it is assumed that velocity profiles are locally self-
similar as given by Kinney and Sparrow [6.28]:

U/ugye = f (1/R) (6.3)

From egs. (6.2) and (6.3) the following is obtained:

2v.
ou__Zvu (6.4)
0x Ru
Substituting this into eq. (6.1) a radial velocity profile is derived as:
2(R=-y)v.
(R-y)%-v 2Ry 6.5)

dy Ru

Conservation of Momentum
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The momentum conservation equation is given as:

ou’> Oruv op Ort
P[fg’LT]:_ri_?"'g(Pl_P) . (6.6)

This equation is used to obtain the radial velocity profile. The effect of gravity is neglected,
as the flow is forced convection. For turbulent flow, the shear stress is normally written as a

function of the velocity gradient and is written in the following:
ou
T=p (v te,) 6.7)
or

The corresponding boundary conditions are:
v=viand T=T; at r=R-0ory=0
du/or=0 atr=0 ory=R. (6.8)
Here it is assumed that the tube radius is larger than the film thickness (R>>9), and that the
average mixture velocity, U.g, 1s also larger than the interface velocity (uave>>vi). These
assumptions are reasonable since the liquid density is much larger than the mixture density.

The turbulence model of vapor flows in this work incorporates the main features of Kinney
and Sparrow’s [6.28] work but with a key difference. The difference is the inclusion of the effect
of the interface damping on eddy transport as deduced from gas absorption data. The pressure
gradient term in the momentum equation is eliminated using similar approach proposed by

Kinney and Sparrow [6.28].
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From egs. (3)-(7), the integro-differential equation for the turbulent vapor flow is obtained as:

1oy

v
D u+(R+ _y+)dy+ _
O 2Ny,

U

0 1
L T ST
R™=y")u Iu;(R+—y+)dy+[D r
(. (J

|:|+
[—I—r+(—ri)DN+4NBV—i fﬂ
R 1

0 > "
%— é!u;z( -y Ry’ _qu( -y Ry’

where u” = u/u*, y = yu*/v;, R" = Ru*/v;, u* = (1,/p))

(6.9)

+
T
R+

S S ooo

2 D=p/py , N = V/v,.
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Using the method employed by Kinney and Sparrow[28], the pressure gradient term is now

derived and contains both the interfacial shear and momentum flux terms :

4NR+ + + ot + - 2 R+g
= _O[ug R* -y My* ¢, =2DN HHZ—Reg -
dP _ 1 —2D ZH\L 8 ® +2 + + +D
=—— [4c, —16N R™ - g
3 e 1N g [

Reg =
(6.10)

dx

2R

Conservation of Energy

The energy conservation equation is required to find the temperature gradient at the
interface. This gradient is the driving force for condensation. The energy conservation equation
was given by Minkowycz and Sparrow [6.22] for flat plate geometry. Here, for cylindrical

geometry, the energy conservation equation is given as,

VAT | AT, (6 =0,)i T __10q°
r or 0x r dy r ox
. korT RTM?
__kol i
rdy MM,
oW aW(1-W) orTQ
Dy + 0
T Oy Tr oy O

6.11)

£
=
Q
=
¢}

Kal
|

J, =P

The (cpg-cpv)jdT/dy term represents the net enthalpy flux owing to the diffusion currents. The q*
equation includes both the conductive term and a diffusive term. The j, term has a mass diffusion
term and a thermal diffusion term. The following are the boundary conditions,
T=Ti atr=R
dT/dy =0 atr=0 . (6.12)
Conservation of Species
Finally the last conservation equation needed for a complete solution is the species
conservation. In a binary mixture, mass must be conserved for each of the components. This
requirement may be satisfied by writing a diffusion equation for each of the species, or
alternately a continuity equation for the mixture and a diffusion equation for one of the species.

The latter is used in this present model.
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In a two-component gas mixture it is convenient to represent the local concentrations in terms
of the mass fractions and they are defined as
We=p/p  Wy=pJ/p, (6.13)
where, p=pg;+pP, andthen W,+ W, =1.
Here for simplicity the symbol W will be used as the gas mass fraction. Since there are
concentration and temperature gradients due to the noncondensable gas near the interface a mass
diffusive flux, j,, term is needed. A similar expression can be written for the vapor and is the

negative of the gas diffusive flux. The general form of the species conservation equation is:

(ua_w +X_arw) = —l%
P 0x r Or r or

(6.14)
. QoW aW(l-W)orTU
where j, =—pDrx + 0
o oy Tr oy [
The boundary conditions for this equation are:
W =Wi at r=R-dory=29
0W/dy =0 atr=0ory=R (6.15)

Here, O is not the thermal diffusivity but a thermal diffusion coefficient and is given in Mason
and Monchick [29].
Interfacial Terms

Four important interfacial parameters govern the rate of condensation. These are the
interfacial radial velocity, temperature, gas mass fraction, and film thickness. The expressions
for these parameters are given in the following.

Peterson et al.[6.30] have developed a diffusion layer theory to describe condensation in the
presence of non-condensable gases. They presented an expression for the average condensation

velocity as

th M x
V. = g VvV v,avg (Tls_Tli) . (616)

1 RT(ngXg, avg g
This equation is based upon Fick's Law and the ideal gas law and here it is used to determine
interface velocity, v;.
One of the important parameters is the film thickness. The energy balance at the mixture-

liquid interface is given as:
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mhfg = h](Ti - TW) (617)
where the heat transfer coefficient is derived by a simple energy balance at the wall
dT
_kld_ =h(T, - T,)

Assuming the temperature in the liquid film is linear, the heat transfer coefficient is expressed as:

— (Ti - T, )kl

h, = m (6.18)
Substituting h; from this equation in eq. (6.12) we get an equation for & using m = v;p,
0 =Kk(T; - Tp)/viphgy (6.19)
Using these equations a Nusselt number can be derived as,
Nu; = 2hjR/k (6.20)

Two more required parameters at the interface are gas mass fraction and temperature. These
are related by the following equation derived using the ideal gas law.
P 1-W

¥ = . (6.21)
P 1-W(1-M,/M,)

From this equation, one parameter is determined by assuming the other. Each parameter in
the interfacial equations all depends upon one another. The least dependent variable is either the
gas mass fraction or the interfacial temperature. Therefore if one parameter is assumed, the other
three parameters can be determined.

Turbulent Transport Model

As outlined in Yih and Liu [6.31], the eddy diffusivity of momentum is divided into two

parts for the mixture region. These are the outer region, from y™>26, and the interface region, y"

<26. The outer region is given as,

+

€ y
—m = ) 6.22
v 2.5 ( )

The interface region is given as,

En = 647107 B (Vi) (5* - y* )R, (6.23)
Y% o u*
6.3 Solution M ethodology

The coupled integro-differential equations derived above were solved using finite difference

scheme as given in Patankar [6.32].
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Inlet Conditions

The specified inlet conditions are the mixture Reynold’s number, entrance total pressure,
and gas mass fraction. The geometric parameters to be specified are the tube radius and length.
The key boundary condition is the tube wall temperature. The node lengths in the radial and axial
directions are specified based on numerical accuracy required. The vapor partial pressure is
calculated from the total pressure and from the gas mass fraction. The mixture temperature is
then obtained as the saturation temperature corresponding to the vapor partial pressure. The fluid
transport properties such as viscosity, thermal conductivity, thermal diffusion factor, binary
diffusion coefficient, and surface tension are calculated using the mixture temperature at the gas
core.

With the fluid properties known, the inlet axial velocity is calculated from the specified
Reynold's number. A flat mixture velocity profile is assumed at the entrance. Corresponding gas
mass fraction and temperature profiles are also assumed to be flat at the entrance. Temperature
profile is thus the temperature determined from the vapor partial pressure. Thus all required
parameters are determined for the inlet conditions. This nodal position is termed as the first axial

node.

Parameter Initialization for the Next Set of Nodes

Next parameter initialization is needed to start the calculation procedure at the downstream
node (e.g. second node) as they are unknown beforehand. For the second set of nodes, a pressure
difference is calculated using the entrance velocity and Reynolds number from the following

equation

dP __1pu’ 079

& > E fO 5 where fO = W (624)

A new total pressure is calculated for the second set of nodes. Then using the inlet gas mass
fraction the vapor partial pressure is determined for the second node and the required properties
are calculated for this second node. In the initialization, the effect of the noncondensible gas is
neglected. Therefore the interfacial velocity is assumed and the condensate film thickness is

calculated using eq. (6.19). The inlet velocity is used as the velocity profile for the second node.
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The wall shear stress and the interfacial shear stress are calculated following Dobran and Thorsen

[33]:
f, :%; f=f, +3OOBi
Re 2R

pu’f (6.25)

Ty =Etpl_p)g_d_P%+Ti

dx
Once these values are known, the value of u* is calculated and all variable are converted
into their non-dimensional form. Then a new non-dimensional velocity profile is calculated for
the second node. This process is repeated for each subsequent node. At each node, the continuity
and energy balance equations are satisfied.
6.4 Results And Discussion
In order to validate the present model, the model predictions were compared first with
experimental data on forced convection pure steam condensation. Then the present predictions

were compared with steam-air condensation in a vertical tube.

Pure Steam Data Comparison

Three sets of pure steam condensation data from experiments done by Goodykoontz and
Dorsch [34] are available. These involve different conditions in temperature and Reynold's
numbers. The inlet conditions and results of the experiment and results obtained by the present
model are summarized in Table 6.1. The average Nusselt number from the present model was
calculated by taking the area average of the local Nusselt number as

_ IOXNu(x) xdx

uI,avg - X

d
!xx

The predicted Nusselt number compares very well with two of the cases (case 1 and case 3)
and does better than the results obtained by Dobran and Thorsen [6.33]. Case 2 was off by a

factor of almost 2. This is attributed to the fact that the present model did not calculate for the
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entire tube length, because of the low steam velocity. The solution convergence was not attained
once the steam velocity became too low.

Table 6.1 Inlet Conditions and Results for Goodykoontz and Dorsch [34] Data

# Teat Re Twall P (Pa) Nu Nu Error
(K) E4 (K) xES exp pred. (%)
1| 401 7.99 374 2.53 266 235.4 11.5
2| 403 3.58 | 379.5 2.69 112 189.2 68.9
3| 400 446 | 370.5 2.45 154 168.2 9.2

The local axial Nusselt number predictions are shown in Fig. 6.2. The Nusselt number
decrease farther away from the inlet. From Table 6.1 it is seen that case 2 and case 3 are very
similar, but the Nusselt number varies greatly in experimental results. The model predictions,
however, show comparable heat transfer coefficients for case 2 and 3. Thus it is concluded that
the model predictions are consistent. The reasonable agreement of the model prediction in this

experimental data is taken as the validation of the present model for pure vapor condensation.

Comparison with UCB and MIT Seam-Air Condensation Data

Table 6.2 shows the condenser geometry and inlet conditions for the UCB and MIT
experiments [23]. In Fig. 6.3, the model predictions are compared with the experimental data for
non-condensable concentration of 10%. It is seen that the model does fairly well predicting the
experimental data. The experimental data itself contains errors as well. It should be noted that
there is a large scatter in MIT data. In Fig. 6.4 the model predictions are compared with the UCB
and MIT data for non-condensable gas concentration of 20%. In spite of the data scatter the
predictions shows reasonable agreement with the experimental data.

In order to gain insight into the effects of the local parameters on the condensation, the model
predicted radial profiles for temperatures and non-condensable gas concentration are shown for

the UCB test conditions with Wi, = 0.1 in Figs. 6.5 and 6.6 respectively.
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Figure 6.2. Local Nusselt Number Predictions for the Pure steam Condensation Experiments of
Goodykoontz and Dorsch [34].
Table 6.2 Inlet Conditions for MIT [25] and UCB [23] Experiments

Cas | D L P Win Re Twau
e# | (m) | (m) | (Pa) | (%) g | (K)
ucC | .02 (2.5 [2E5 (10,20 |2E | 373

B 2 4 4
MI (.04 (2.5 |2E5]10,20 |2E |373
T |6 |4 4
1000
000 | Win=0.10 Y
AUCB °
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Figure 6.3. Comparison of Model Prediction with MIT and UCB Data for Wi, =10%.
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Figure 6.4. Comparison of model prediction with MIT and UCB data for Wy, =20%.

These profiles are typical for both MIT and UCB data and hence only predictions for UCB are

shown here. There is substantial drop in the temperature at the interface due to the buildup of the

gas. This is an indication of how much the heat transfer is impeded. It is also seen that the

thermal boundary layer thickness increases with x/D. This is due to increase in the gas layer

thickness along the length of the tube. The radial gas mass fraction profile properly compliments

the temperature profile; .the gas buildup near the interface is clear from this figure. Here again

the boundary layer for species concentration increases with x/D. The bulk concentration does not

change.
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Figure 6.5. Model Predicted Radial Temperature Profile for UCB Case with 10% Gas Mass
Fraction at x/D=5 and 20.
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Figure 6.6 Model Predicted Radial Gas Mass Fraction Profile for UCB Case with 10% Gas Mass
Fraction at x/D=5 and 20.

The condensation of steam in the presence of non-condensable gas reduces as a result of the
build up of the gas near the interface. As seen from the predicted radial profile the gas
concentration increases near the condensate film interface along the downstream end of the flow.
In Fig. 6.7 the interface gas mass fraction is shown along the tube length for inlet gas
concentrations of 10% and 20%. A linear increase in interface gas concentration is seen from

these predictions.
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Figure 6.7. Model Predicted Interface Gas Mass Fraction as a Function of Tube Length.

6.5 Conclusions

A detailed physical model for vertical tube condensers with forced convection of vapor-non-
condensable gas mixture was developed. The model assumed an annular flow regime in the tube
with turbulent core mixture flow. Reasonable assumptions were made in describing the physical
model. The conservation equations for mass, momentum, energy, and species concentration were
developed. The equations were then simplified into integro-differential equations using well-
tested mathematical techniques. A heat transfer balance equation was developed at the film-gas
interface. For heat transfer at the interface in the presence of the non-condensable gas, a diffusive
boundary layer model was used. This model enables the relation of the condensate velocity with
the temperature at the interface.

Test cases for pure steam condensation were studied and the predicted heat transfer results
were compared with the experimental data. The prediction and the experimental data of
Goodykoontz and Dorsch [6.34] agree very well. The model was thus validated against
experimental data.

Test cases of condensation in the presence of non-condensable gas, air, were studied at high
gas mass fractions (10% and 20%). The results of the predictions were compared to the

experimental data of UCB [6.23] and MIT [6.25]. The agreement was fairly good.
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7.ACCOMPLISHMENTS

Here the accomplishments of the first year are summarized.

A detailed scaling analysis for the PCCS condenser was performed. The scaling parameters
were identified to scale down the prototype condenser design. The effect of the non-
condensable in the scaled condenser was discussed and its implication on the scaled test

facility was presented.

An experimental loop was designed with 5.04 cm inch diameter condenser. The design of the
condenser tube was based on the scaling analysis. The test section and the loop were

instrumented for required parameters.

There was delay in completing the first year experimental task due to late start of the project.
Permission was sought from DOE to extend the first year period 05/01/00 - 04/30/01 to
05/01/00 — 08/31/01, an extension of four months. DOE has granted an extension of four
months to compl ete the first year task. Currently the test loop is being constructed and tested.
Thefirst year experimental task will be completed by August 31, 2001.

A condensation model was developed for forced downflow of steam and non-condensable

gasin vertical tube. First the model was tested for pure steam condensation and the predicted
heat transfer results were compared with the experimental data. Then the model was tested for
condensation in the presence of non-condensable gas, air, and results of the predictions were
compared to the published experimental data The agreement was fairly good. Please note that
this modeling task fallsin second year period. Since the first year task on experiments has been
extended to be performed by four months, this period of work is taken care by the modeling
task, which ultimately will be refined and studied in detail in second year.
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